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Abstract
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1. Introduction

A facile method for preparing functionalized graphene oxide single layers with nitroxide groups is
reported herein. Highly oxidized graphite oxide (GO=90.6%) was obtained, slightly modifying an
improved Hummer’s method. Oxoammonium salts (OS) were investigated to introduce nitroxide
groups to GO, resulting in a one-step functionalization and exfoliation. The mechanisms of
functionalization/exfoliation are proposed, where the oxidation of aromatic alcohols to ketone
groups, and the formation of alkoxyamine species are suggested. Two kinds of functionalized
graphene oxide layers (GOFT1 and GOFT2) were obtained by controlling the amount of OS
added. GOFT1 and GOFT2 exhibited a high interlayer spacing (d0001 = 1.12nm), which was
determined by X-ray diffraction. The presence of new chemical bonds C-N (~9.5 %) and O-O
(~4.3 %) from nitroxide attached onto graphene layers were observed by X-ray photoelectron
spectroscopy. Single-layers of GOFT1 were observed by HRTEM, exhibiting amorphous and
crystalline zones at a 50:50 ratio; in contrast, layers of GOFT2 exhibited a fully amorphous
surface. Fingerprint of GOFT1 single layers was obtained by electron diffraction at several tilts.
Finally, the potential use of these materials within Nylon 6 matrices was investigated, where an
unusual simultaneous increase in tensile stress, tensile strain and Young’s modulus was observed.

Graphene is composed of a single layer of carbon atoms bonded together, which form a twodimensional hexagonal lattice.[1] This material has attracted great attention from the
scientific and technological community due to its unique thermal,[2] electronic[3],[4] and
mechanical properties,[5] and is expected to revolutionize many technological fields. The
exponential development of methodologies to produce single, or a few layers of graphene
has produced significant scientific advancements to date. Graphene can be obtained by: i)
micromechanical cleavage,[6] ii) epitaxial growth of graphene films,[7] and iii) chemical
processing involving graphite oxidation-intercalation/exfoliation-reduction.[8],[9] However,
chemical processing of graphite and derivatives seem to be the most promising methods to
© 2013 Elsevier Ltd. All rights reserved.
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obtain single or a few layers of graphene at large-scale, with the most studied methodology
of this type being the reduction of graphene from graphite oxide (GO).[9]
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Therefore, several ingenious methodologies have been developed to modify the surface of
graphite oxide flakes or layers of graphene oxide by attaching functional organic groups to
increase their dispersability in common organic solvents, and thus achieve relatively good
dispersions[10] in a polymer matrix. Indeed, it is well known that the key for obtaining
composites with improved chemical, physical or mechanical properties lies in the use of
functionalized nanomaterials[11],[10] (nanoparticles, graphene layers, etc.) and that the
choice of functional groups, as well as the control of their concentration onto graphene oxide
layers is crucial for the development of advanced materials with unusual properties. On this
basis, some fundamental questions have not been answered, such as how is the amount of
functionalized organic groups onto graphene layers controlled? What is the critical molar
concentration of the functional organic groups attached to graphene layers that allows
obtaining a composite with improved properties? Is there any chemical compatibility
between the functional organic groups and the polymeric matrix?
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On the other hand, nitroxyl radicals (e.g. 2,2,6,6-tetramethyl-piperidine-N-oxyl, also known
as TEMPO) are stable free radicals extensively used as control agents in the controlled
radical polymerization (CRP) of styrenic and some acrylic monomers, in which well-defined
polymers with narrow molecular weight distributions are produced.[12] Furthermore,
nitroxyl radicals in the presence of a counter-ion can form oxoammonium salts[13] (OS),
which have been widely used in the oxidation of primary and secondary alcohols to
aldehydes and ketones respectively,[14] via a catalytic process that involves in situ
generation of the oxoammonium cation through a one-electron oxidation of a nitroxide
molecule.[15] In addition to these reactions, we have found that silanol groups (Si-OH)
present on the surface of silica dioxide[16] or at the ends of hydroxyl-terminated
polymers[17] can be chemically modified with TEMPO groups using OS, promoting a
functionalization reaction instead of an oxidation. Recently, Chen et al.[18] applied this
strategy to functionalize magnetite nanoparticles with TEMPO moieties. To the best of our
knowledge, OS have not been studied as intercalating agents to functionalize and exfoliate
the groups present on the surface and edges of GO.
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Hence, this work reports a scalable, new and simple approach to produce in a one-step
synthesis, single layers of graphene oxide decorated with TEMPO moieties (GOFT), using
for the first time OS (Br-TEMPO) as intercalating-reaction-compatibilization agents under
mild reaction conditions. Two kinds of functionalized graphene oxide layers (GOFT1 and
GOFT2) were obtained by controlling the amount of OS added in order to offer some
answers to the questions posed previously. To evaluate their potential applications, these
materials were incorporated into poly(ε-caprolactam) (Nylon 6) through electrospinning.
The resulting non-woven composite nanofibers (GOFT1) presented a ~ 100 % simultaneous
increase in tensile stress, tensile strain and Young’s modulus in respect to pure Nylon 6
nanofibers. This was an unexpected result and was not observed when GO or graphite sheets
were added under the same electrospinning conditions.

2. Experimental
2.1. Materials
Natural graphite platelets (GN, OCF97) were purchased from Superior Graphite, Nylon 6
(Zytel 7301 NC010, MW = 33,300 Da) was kindly provided by DuPont. 2,2,6,6tetramethylpiperidine-1N-oxyl (TEMPO, C9H18NO, M.W. = 156.25 g/mol, 99 %), N,N,Ntriethylamine (Et3N, M.W. = 101.19 g/mol, 99.5 %), bromine (Br2), phosphorus pentoxide
(P2O5), carbon tetrachloride (CCl4), dimethylformamide (DMF) and dichloromethane
Carbon N Y. Author manuscript; available in PMC 2014 November 01.
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(CH2Cl2), were purchased from Sigma-Aldrich and used without further purification.
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99.5 %) was acquired from ACROS.
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2.2. Instrumentation
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The interlayer distance of each sample was analyzed by power X-ray diffraction (XRD,
Panalytical Empyream), 5° ≤ 2θ ≤ 80°, 10.16 s, 0.0167113 s, using Bragg- Brentano
geometry. Chemical bonds and composition on the surface and edges were analyzed using
X-ray photoelectron spectroscopy (XPS, Perkin-Elmer PHI 5600 ESCA System) using an Al
source, k-alpha (1486.7 eV). FTIR-ATR spectra were recorded with a Nexus 470
Spectrometer at 4000–500 cm−1 using 32 scans and 4 cm−1 of resolution. High-resolution
Transmission Electron Microscopy (HRTEM) experiments were performed in the National
Laboratory of Nanotechnology at CIMAV using a JEOL JEM-2200FS equipped with a
spherical aberration corrector in the condenser lens, and operated at an accelerating voltage
of 200 kV. Under these conditions, no visible sample damage was observed during HRTEM image acquisitions. Scanning electron microscopy (SEM) using an EVO® LS10 (Carl
Zeiss Microscopy) was utilized to investigate the electrospun nanofibers morphology. The
samples were coated with a thin layer of silver-palladium for 180 s at 45 mA with a Desk II
Denton Vacuum Cold Sputter. After coating, the micrographs were taken at an accelerating
voltage of 10.75 KV. A 500 watt ultrasonic processor (Sonics Vibra-cell model VCX 500)
operating at 20 kHz with an amplitude of 20 % was used for the dispersion of functionalized
graphene layers with TEMPO moieties in the polymer solution. A custom made
electrospinning chamber consisting of a 10 mL glass syringe with a 22 needle gauge (0.7
mm OD × 0.4 mm ID) at a flow rate of 0.02 mL/min, which was controlled using a KDS
210 pump (KD Scientific Holliston, Inc., MA). High power voltage supplies (ES30P-5W
and ES30N-5W for positive and negative voltages, respectively) were purchased from
Gamma High Voltage Research (Ormond Beach, FL). The mechanical behavior of the
nanofiber mats was investigated using an INSTRON® tensile tester 5943 with a 25 N
maximum load cell.
2.3. Synthesis of Oxoammonium Salt (Br-TEMPO)
[16],[17] Bromine (1.64 mL, 0.032 mol) carefully measured using a glass syringe was added
slowly to a solution of TEMPO (5 g, 0.032 mol in 100 mL of anhydrous CCl4). A brown
solid (Br-TEMPO) was formed instantaneously, isolated and purified using a soxhlet
extraction system utilizing CCl4. The Br-TEMPO salt was dried over vacuum at room
temperature overnight (yield = 98%). 1H-NMR (CDCl3): δ(ppm): 2.3–2.7 (m, 6H), 1.7–2.0
(s, methyl, 12H).
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2.4. Synthesis of GO from GN using an improved Hummer’s method
We slightly modified the strategy reported by Marcano et al.[19] to obtain GO from GN
flakes using an improved Hummer’s method. Briefly, a 9:1 mixture of concentrated
H2SO4:H3PO4 (360:40 mL) was placed into a 1.5 L glass reactor equipped with a cooling
jacket, a condenser and a magnetic stirrer in the presence of a mixture of GN (3 g) and
KMnO4 (18 g). Then, the reaction was heated to 50 °C and stirred for 24 h. The reaction was
cooled down to 2 °C followed by addition of 3 mL of H2O2 at 30 wt. % under stirring. After
that, the reaction system was diluted with deionized water to reach pH = 1 and was filtered
using a Nylon membrane of 0.2 μm under vacuum. A dark brown pasty solid was isolated
and washed twice in succession with 200 mL of distilled water, 200 mL of 30 % HCl, and
200 mL of ethanol (after each wash-process, the material was filtered under vacuum). Then,
the material was coagulated with 200 mL of ether, and the resulting suspension was filtered
under vacuum. Finally, the solid obtained was re-dispersed into 200 mL of ethanol, filtered
and vacuum-dried overnight at room temperature prior to characterization by XRD, FTIR-
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ATR, XPS and HRTEM. 6.2 g of material with a dull gray like appearance (not as shiny as
the starting material) was obtained.
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2.5. Functionalization and Exfoliation of GO with TEMPO using (Br-TEMPO): GOFT1 and
GOFT2

NIH-PA Author Manuscript

The exfoliation and functionalization reaction of graphite oxide to obtain graphene oxide
layers functionalized with TEMPO groups (GOFT) in the presence of Br-TEMPO
(oxoammonium salt) was performed in a glass reactor equipped with a cooling jacket, a
condenser and a magnetic stirrer. In order to study the exfoliation and functionalization level
in respect to the concentration of oxoammonium salt used, the distribution of functional
groups (TEMPO) on the graphene oxide, and their reinforcement effect into polymer
nanofibers, we synthesized graphene oxide layers functionalized with TEMPO at two
different TEMPO concentrations, described as GOFT1 and GOFT2. To obtain GOFT1, 0.5
g of GO was placed into the glass reactor in the presence of 2.6 g (0.025 mol) of
triethylamine (Et3N), and 60 mL of DMF (to improve the GO dispersion). The dispersion
was sonicated during 30 min at 150 W. Then, the dispersion was vigorously stirred and a
solution of 2.5 g of Br-TEMPO (0.010 mol) in 40 mL of DMF was added dropwise. The
reaction was carried out at 2 °C under N2 atmosphere for 4 h to insure functionalization.
Functionalized and exfoliated graphene oxide layers were washed with clean DMF and
filtered using a Nylon membrane of 0.2 μm under vacuum, and were dried overnight at room
temperature prior to characterization by XRD, FTIR-ATR, XPS and HRTEM. To obtain
GOFT2, 6.8 g (0.067 mol) of Et3N and 5 g (0.021 mol) of Br-TEMPO were used under the
same experimental procedure described above.
2.6. Preparation of Polymer Solution and Polymer-GOFT Dispersions by Electrospinning
A 7.5 % wt. Nylon 6 solution was prepared by dissolving the polymer overnight in HFIP.
The polymer-GOFT dispersions were prepared by placing the GOFT in HFIP at 0.1, 0.5 and
1 % wt. with respect to the polymer, and sonicated using the ultrasonic processor previously
described; the sonication procedure was carried out for 1 h in an ice bath to avoid excessive
heat generated during the process, affording a black-ink like appearance dispersion. The
polymer solution and the polymer-GOFT dispersions were electrospun with a voltage of +15
kV to the needle tip, while the negative electrode was set to an applied voltage of −15 kV to
the collector. A 15 cm distance between the needle tip and the rotating collector was used to
obtain the nanofibers, which were dried under vacuum for 24 h in the presence of P2O5 to
remove any possible traces of residual moisture and solvents. The nonwoven mats were
characterized by mechanical testing.
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2.6.1. Tensile testing—The nonwoven mats were cut into a “dog-bone” shape with 0.03
mm thickness, 2.75 mm width at their narrowest point and a gauge length of 7.5 mm, and
tested under a crosshead speed of 10 mm/min. At least five specimens were tested for tensile
behavior and the average values are reported.

3. Results and discussion
GO was obtained by oxidizing graphite nanoplatelets using an improved Hummer’s method
reported by Marcano et al.[19] However, we slightly modified this methodology increasing
the reaction time from 12 h to 24 h, thus increasing ~31 % (respect to the oxidized material
obtained by Marcano et al.[19]) the amount of hydroxyl (-OH), epoxy (-O-), carbonyl
(C=O) and carboxylate (O-C=O) groups present on the surface and edges of GO. Also,
combining all percentages of oxidized material from GO, we obtained 90.6 % of oxidized
carbon and 9.4 % of graphitic carbon, as demonstrated by XPS in another section of this
paper.
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3.1. Exfoliation/Functionalization
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3.1.1 Proposed Mechanism—In order to study the exfoliation and functionalization
level in respect to the concentration of oxoammonium salt (OS) used, we synthesized
graphene oxide layers functionalized with TEMPO at two different concentrations,
identified as GOFT1 and GOFT2. Although the structure of GO is still uncertain,[20] the
presence of functional groups (OH, COOH, C=O and C-O-C) along their surface and edges
is recognized.[19],[20] In addition, the molar concentration of these functional groups and
their distribution strongly depends on the oxidation pathway used.[19],[21],[22]
Therefore, under the conditions used in this investigation, the protons in aromatic alcohol
and acid moieties present on the surface and edges of GO should be first abstracted by an
excess of phenoxides and carboxylates,[15] which then react with the Et3N,[15],[23],
resulting in 2,2,6,6,tetramethylpiperidine-1-oxonium cation to yield different functional
groups. Furthermore, phenols are known to oxidize under free radical conditions[24]
(TEMPO itself is a free radical[12]), so we speculate that the material obtained consists of
GO with several functional groups and alkoxyamine species attached to it. Meanwhile, the
bromine anion is capped with Et3NH+ forming a white precipitate, indicating that the
reaction has taken place. Hence, the reaction with TEMPO seems to promote an oxidation of
GO and a simultaneous exfoliation, as represented in Figure 1.
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While the products of the material obtained are not clear at the present time, and are
currently under investigation in our research group, there are several papers that suggest the
feasibility of the proposed structure in Figure 1. For example, Liu et al.[25] reported the
feasibility of oxidizing graphene oxide into graphene peroxide in the presence of oxygen
using 60Co γ-rays. The starting materials and the products were characterized by FTIR,
Raman, XPS and XRD in an effort to elucidate the structure of the final product.

NIH-PA Author Manuscript

Further, the use of TEMPO as an oxidizing agent has been reported in several organic
compounds. Iwabuchi et al.[26] reported the oxidative rearrangement of tertiary allylic
alcohols to β-substituted α,β-unsaturated carbonyl compounds using oxoammonium salts
(OS) in acetonitrile at room temperature. Semmelhack et al.[27] published the oxidation of
primary and secondary alcohols using TEMPO through four different possible intermediates,
one of which included the deprotonation of primary and secondary alcohols under basic
conditions to afford hydroxyl radicals; the resulting products consisted of aldehydes and
ketones and alkylated oxoammonium products, which resemble our proposed structures in
Figure 1. Furthermore, Bailey et al.[15] performed a computational study on the oxidation
of primary and secondary alcohols with TEMPO under basic conditions, where it was found
that the first step of the reaction involved an alkoxide attack on the electrophilic nitrogen in
TEMPO, affording aldehydes, ketones and TEMPO byproducts.
TEMPO has also been attached to inorganic particles. It was incorporated onto Fe3O4[18]
and silica,[16] with both of these particles being subsequently reacted with styrene and
maleic anhydride to produce a core inorganic nanoparticle with polymer chains extending
from it. Therefore, these publications suggest that graphite oxide used under the conditions
presented in this report could be oxidized to contain peroxides, aldehydes and ketones, as
well as to the attachment of TEMPO to the surface of the starting material, as shown Figure
2.
The reaction presented in Figure 2 (Scheme 1) proposes a free radical oxidation mechanism
of a simplified GO, which is based on the oxidation mechanism of phenols and
hydroquinone[28],[29]. Thus, TEMPO abstracts in two steps the hydrogen atoms present in
the alcohols, leaving behind a di-radical species that rearranges to afford ketones. In
addition, Figure 2 (Scheme 2) proposes an oxidized product and the attachment of the
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2,2,6,6,tetramethylpiperidine-1-oxonium by three different possible mechanisms. Path A and
B utilize Et3N in the first step to produce a phenoxide, which then can follow different
routes. The phenoxide on path A can react with TEMPO in a single electron transfer process
to afford a phenoxyl radical and a nitroxyl radical; subsequent oxidation of the phenoxyl
radical yields an aryl radical that is scavenged by the nitroxyl radical, thus accounting for
the formation of C-N bonds observed in XPS. Path B shows the phenoxide attack on the
oxygen of TEMPO to produce an unstable peroxide which cleaves homolitically, and the
resulting aryl radical rearranges and is scavenged by TEMPO. In a third possibility (path C),
TEMPO does a single electron transfer (SET) to a phenol group, which then produces a
radical species under basic conditions, followed by rearrangement and scavenging by
TEMPO. It is important to note that the proposed pathways and mechanisms have been
reported previously by several authors[27],[15],[30],[31],[32] for alcohols, but have not
been set forth for graphite oxide.
Since GO can contain epoxides in its structure, Figure 3 addresses this possibility.
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In this case, phenol is deprotonated in the presence of Et3N resulting in a phenoxide, which
attacks the 2,2,6,6,tetramethylpiperidine-1-oxonium cation to form a peroxide.
Subsequently, the CO-ON bond cleaves to form an oxyl radical, which reacts
intramolecularly to form a five member ring endo peroxide that contains an aryl radical,
which is then scavenged by TEMPO. Finally, Figure 4 proposes that the carboxylic acid
moieties found in GO react in an acid-base manner with Et3N as the first step.
A nucleophilic attack on nitrogen (path D) will form an intermediate that will follow a
Meisenheimer rearrangement to add TEMPO to its structure and release CO2 as a byproduct.
Nevertheless, if the attack occurs on oxygen (path E), a peroxide is formed and a radical
mechanism is followed. The peroxide is cleaved and the resulting radical acid decomposes
into CO2 and an aryl radical, which is scavenged by TEMPO to produce an alkoxyamine.
3.1.2 Dispersion study—The highly oxidized layers of GO produced herein exhibited
dispersions with long-term stability (3 weeks) in DMF, which is in good agreement with the
literature.[33] So, this solvent promotes a better diffusion of reactive species between well
dispersed GO layers during the functionalization reaction (4 h), enhancing its exfoliation. In
addition, GOFT1 and GOFT2 were dispersed in DMF, H2O DI, n-hexane, toluene, THF,
CHCl3, methanol, HFIP, acetone and CH2Cl2 (1 mg/mL) using an ultrasonication bath for 1
h. Figure 5 shows digital pictures of all dispersions sonicated at time 0 h. and after 72 h.
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For the samples sonicated at 0 h., it can be noticed that GOFT1 could be dispersed in almost
all of the solvents, except n-hexane, toluene, THF, and to a lesser extent in CH2Cl2. In
contrast, GOFT2 could only be well dispersed in DMF, DI H2O and HFIP. Many of these
dispersions displayed only short-term stability and precipitated completely in a matter of
hours to a few days. After sonication, GOFT1 remained dispersed for 72 h in HFIP, DMF
and DI H2O, and to a lesser degree in methanol. Meanwhile, GOFT2 showed a relatively
good stability in HFIP, DMF and DI H2O. GOFT1 exhibited a better dispersion after 72 h in
DMF and HFIP than GOFT2. These results suggest that GOFT2 possess a different
concentration or distribution of functional groupsTransmitance that reduce slightly its
dispersion in HFIP. Thus, HFIP was used to disperse GOFT1 or GOFT2 into the polymer
solution (Nylon 6/HFIP) to obtain composites of nonwoven mats by electrospinning.
3.2. Functionalized Graphene layers with TEMPO groups
GO, GOFT1 and GOFT2 were qualitatively analyzed and their structures evidenced by
FTIR-ATR as shown in Figure 6.
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Figure 6 shows characteristic vibrations of GO, which exhibits the following functional
groups[19],[25]: O-H stretching vibrations (3420 cm−1), C=O stretching vibration (1720–
1740 cm−1), C=C from unoxidized sp2 bonds (1620–1640 cm−1), and stretching vibrations
(1103 cm−1).[33] New vibrations at 2910–2971 cm−1 and 1362 cm−1 were observed in
GOFT1 and GOFT2, which were attributed to CH3, CH2 and N-O stretching vibrations from
the piperidine ring from TEMPO. Further, a new small vibration centered at 850 cm−1 was
observed and attributed to a new peroxide bond[25] (in agreement with the proposed
mechanism in Figure 3). Despite the fact that the O-O stretch occurs in the region where
carbon skeletal vibrations modes may interfere, it has been demonstrated that the stretching
vibrations of peroxide groups occur in a narrower interval of frequencies (845–875 cm−1)
[34], which can be distinguishable to the carbon skeletal vibrations modes.
3.3. GOFT1 and GOFT2, Exfoliation level
The level of exfoliation from GO to nitroxide-functionalized graphene oxide (GOFT1 and
GOFT2) was analyzed by X-ray diffraction (XRD) as shown in Figure 7.
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Pristine graphite (GN) presented its characteristic main peak (2θ Bragg angle) at 26.5°
(Figure 7), indicating a highly organized layered structure.[35] In the case of GO, it is
possible to observe a shift in the main peak (2θ Bragg angle) from 26.5° (corresponding to
d0001 = 0.34 nm spacing between atomic planes in graphite), to 10.1° in GO (corresponding
to an interplane distance of d0001 = 0.94 nm). This level of exfoliation (from d0001 = 0.34
nm to d0001 = 0.94 nm) is obtained when pristine graphite is oxidized using the modified
Hummer’s method.[19] The amount of OH and COOH groups capable of reacting with BrTEMPO salt are determined by the oxidation process and it is likely that they are distributed
predominantly on the edges.[20] The large amounts of the Br-TEMPO salt used to prepare
GOFT1 or GOFT2 should saturate all possible reactive groups at the GO surface, so
exfoliated individual functional graphene layers should be obtained in a single step. A shift
and a decrease in the intensity of the Bragg peak up to 7.9° was observed, which
corresponds to the spacing between atomic planes in graphite of d0001 = 1.12 nm. According
to the mechanism proposed herein (see Figures 2–4), the functionalization/exfoliation
reaction involves the oxidation of several groups and the formation of alkoxyamines. In
conclusion, we believe that the oxidation promoted by OS and their corresponding
functionalization with TEMPO groups at the GO edges originates an increase in the
interplanar distance producing graphene oxide single layers decorated with TEMPO groups,
causing the interplanar distance between layers to increase 0.18 nm in both functionalized
materials (GOFT1 or GOFT2). In consequence, the surface of each new exfoliated layer is
exposed and can react with the OS remaining, increasing the functional groups
concentration, but not the interlayer spacing; this discussion is addressed by XPS in a
subsequent section.
3.4. GOFT1 and GOFT2, Functionalization level
The percent of nitroxide chemically bonded to the graphene structure was determined using
X-ray photoelectron spectroscopy (XPS) in GN, GO and GOFT samples. Figure 8 shows the
XPS spectra.
Figure 8a corresponds to the precursor graphite, clearly showing a carbon sp2 (C=C) peak
near 284.5 eV.[36],[37] However, Figure 8b shows that the sp2 carbon peak was
significantly reduced in GO, and a new carbon sp3 (C-C) peak at 285.1 eV was formed;[38],
[39] also, new functional groups containing oxygen-related sp2 carbon peaks were observed,
which represents the formation of C-OH (hydroxyl) at 286.4 eV;[38],[39] C=O, C-O-C
(carbonyl and epoxy) at 287.7 eV,[38] and COOH (carboxylic acid) at 288.9 eV.[25] Also,
the π-plasmon peak (ascribed to π– π* shake-up transitions) near to 291 eV was observed,
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[38],[39] which reveals aromatic ring structures attributed to exfoliated layers with low level
of functional groups. The presence of sp3-carbon and the high content of oxidized species
demonstrate the change of graphite structure due to oxidation.
Interestingly, the samples functionalized with TEMPO groups (GOFT1 and GOFT2) in
Figure 8c and Figure 8d, exhibited two new peaks centered at 285.2 eV[40] and 289.2
eV[25] respectively, which were attributed to the C-N bond corresponding to the piperidine
ring from TEMPO (see Figure 2-Scheme 2) and at the new peroxide group (-O-O-) formed
during functionalization (see Figure 3), correspondingly. Liu et al.[25] irradiated GO
with 60Coγ-rays and demonstrated the presence of peroxide groups C-O-O-H by XPS at
289.2eV. As discussed previously, we propose that peroxide groups are formed in the
present studies during the functionalization and exfoliation process (Figure 4), so the
proposed mechanism correlates with the XPS and FTIR data. Furthermore, COOH groups
are present in GO (Figure 8b), but their presence after the reaction was not observed
(Figures 8c and 8d). Therefore, this evidence also supports the mechanism proposed in
Figure 4, where the COOH groups react with the Br-TEMPO salt forming CO2 and
alkoxyamine species. Finally, the π-plasmon peak[39] was observed in the spectrum. Table
1 reveals the percent composition obtained by integrating the deconvoluted curves for each
sample.
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In the case of GOFT1, Table 1 reveals an increase of ~ 9.2 % (respect to GO) in C-sp3,
which is congruent with the percent amount of new C-N bond found of 9.5 %, which was
attributed to the presence of the new TEMPO groups chemically attached onto the graphene
layers. Also, a decrease of OH and an increase of C=O groups (both in respect to GO) of
about 15 % and 9.6 % respectively were observed. In addition, COOH groups (3.7 % in GO)
were not observed in the functionalized materials, while the new peroxide bonds (4.6 %)
were observed. The new percent composition of C-N bond is formed by the modification of:
i) 3.7 % (functionalization and loss of COOH); ii) 4.6 % (oxidation/functionalization of OH
groups nearest to an oxirane ring), and iii) 1.2 % (oxidation/functionalization of OH groups).
Meanwhile, − OH groups (15 %) are consumed as follow: 4.6 % to produce O-O, 1.2 %
reacts with OS to leads alkoxyamine and C=O, and 8.4 % is oxidized to C=O. Finally, 9.6 %
of C=O is obtained by the modification of 8.4 % (oxidation of – OH to C=O) and 1.2 %
during the oxidation/functionalization of – OH groups to C=O and alkoxyamine. Thus, we
find that GOFT1 was oxidized ~ 25.8 % more than GO. This explains why the interplanar
distance between functionalized layers (measured by XRD analysis) was increased up to
d0001 = 1.12 nm.
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In the case of GOFT2, an increase of about 10.5 % and 5.9 % of OH and C=O groups (both
in respect to GOFT1) was found respectively. Therefore, OH groups (10.5 %) are consumed
as follows: 0.3 % to produce O-O, 5.1 % reacts with OS to lead alkoxyamine and C=O, and
0.8 % is oxidized to C=O. The new percent composition of the C-N bond was practically the
same than in GOFT1. Finally, 5.9 % of C=O was obtained by the contribution of 0.8 %
(oxidation of OH to C=O) and 5.1 % during the oxidation/functionalization of OH groups to
C=O and alkoxyamine. In this case, GOFT2 was slightly more oxidized than GOFT1.
Although GOFT1 and GOFT2 exhibited the same shift in XRD, and exhibited the same C-N
percentage value in XPS, we argue that the amount of OS used in each system was enough
to saturate all possible reactive groups atXPS Intensity (a.u.) the edges of GO as to produce
an exfoliation. Nonetheless, the surface of each new exfoliated layer could react with the OS
remaining, slightly increasing the oxidation level. On this basis, we could assume that
GOFT2 layers will exhibit a more amorphous surface than in GOFT1, as will be
demonstrated by HRTEM later.
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Moreover, Choi et al.[41] doped epitaxial graphene with nitroxide groups (4-aminoTEMPO) and observed by N1s XPS a N-O bond centered at 406 eV. In this study, the N-O
bond for GOFT1 and GOFT2 was observed (as revealed in Figure 9) by N1s XPS at the
same binding energy as reported in the literature.[41]
3.5. GOFT1 Morphology by HRTEM
GO and GOFT1 were characterized by high-resolution transmission electron microscopy
(HRTEM) as shown in Figure 10. Each sample was dispersed into methanol and one drop
was placed onto a copper grid with an ultrathin holey carbon film.
Figure 10a shows an image of GO at low magnification. In general, GO tends to congregate
to form multilayer agglomerates that result in tens or several hundreds of nm2. In particular,
we observed the presence of a fracture line on the layers, which we attribute to the oxidation
process. Figure 10b shows an image of GO at high magnification, which illustrates the
amorphous zones of GO with numerous wrinkles. The diffraction rings of a selected area
electron diffraction (SAED) is the inset in Figure 10b, where a hexagonal symmetry with
diffused diffraction spots is observed, confirming the amorphous structure of GO; although
it is possible to observe small domains of around 2 nm of crystalline patterns on the edges in
the stack.
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Figure 10c corresponds to GOFT1 showing a single-layer of graphene functionalized with
TEMPO moieties, having sizes of several hundreds of nm2. The fracture-line of the layer
caused during the oxidation of graphite was also observed. Figure 10d shows an image at
high magnification corresponding to GOFT1 with well-defined amorphous and crystalline
zones like “islands” (circumscribed in red circles) on the surface of the graphene layer, and
which are attributable to oxygen-free regions.[42] This is in agreement with our XPS results,
being that in the functionalized samples a π-plasmon peak was observed and attributed to
aromatic ring structures. SAED (inset) pattern shows that {0–110} and {−1010} spots
appear to be more intense than {1–210} and {−2110} spots, which is the fingerprint of
single-layer of graphene. In order to demonstrate this, the intensity of each spot was studied
as a function of different tilts in respect to the incident beam for the sample GOFT1.
According to Meyer et al.[42],[43] for a monolayer of graphene, the spots intensity at {0–
110} and {−1010} should remain constant as the sample is tilted. Figure 10e shows an
example of SAED at 8° of tilt, which demonstrated that the intensity of the {1–210}
diffracted spot, is considerably lower than the {0–110} spot. Finally, Figure 10f reveals the
intensities ratio between {0–110}/{1–210} and {−1010}/{−2110} spots in respect to the tilt,
and confirms the presence of a single-layer of graphene functionalized with TEMPO.
GOFT2 also was analyzed by HRTEM as shown in Figure 11.
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Figure 11 did not present crystalline zones, only an amorphous structure was observed along
the surface and edges due to the high amount of C-sp3 new bonds, which is in agreement
with the functionalization reaction proposed and the percent composition by XPS obtained.
Also SAED (inset) pattern shows {0–110} and {−1010} spots more intense than {1–210}
and {−2110} spots, which confirm the fingerprint of single-layer of graphene in GOFT2.
3.5.1 Morphology by SEM—Scanning Electron Microscopy (SEM) was performed to
confirm the morphology of the nanofibers containing GOFT1 and GOFT2, as shown in
Figure 12. It can be observed that these materials are defect free (no beads or beads on string
morphology) with regular and homogeneous surfaces.
It is noted that the nanofibers containing GOFT1 possess a more homogeneous distribution
of fibers diameters than GOFT2; however, the average fiber diameter for GOFT1 was of 400
± 100 nm, while GOFT2 exhibited an average fiber diameter of 200 ± 100 nm. This
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difference can be attributed to the dispersion state of GOFT1 and GOFT2 in HFIP.
According to the dispersion study (see 3.1.2 Section), GOFT1 exhibits stable dispersions up
to 72 h in HFIP, which promotes the formation of more homogeneous nanofibers during the
electrospinning process. In contrast, the dispersions containing GOFT2 are not stable, so it is
possible that some re-agglomeration of the nanoparticles occurs. As a consequence, different
concentrations of GOFT2 are expected within the nanofibers obtained, thus promoting more
heterogeneity in fibers diameters.
3.6. Mechanical Properties of new Composites based on GOFT1 and GOFT2 with Nylon 6
nanofibers
The newly synthesized GOFT1 and GOFT2, which are exfoliated and possesses nitroxide
groups, should allow better dispersion and compatibility with a polymer matrix, significantly
improving the final properties of the composite material. In order to demonstrate this
hypothesis, we dispersed 0.1, 0.5 and 1 wt.% of GOFT1, GOFT2, GO and GN in Nylon 6
through ultrasound. The resulting dispersions were electrospun to obtain non-woven
nanofibers composites with 0.03 mm of thickness. Tensile testing[44],[45],[46] was
performed on these samples and the tensile stress, tensile strain and Young’s modulus were
determined.
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Figure 13 shows a 3D graph of the mechanical properties obtained for each system at the
concentrations aforementioned, while Table 2 shows the absolute values of tensile stress,
tensile strain and Young’s modulus of each sample. Figure 13 demonstrates that pristine
Nylon 6 has a relatively low tensile stress and strain, and a moderate Young’s modulus.
Although addition of GN and GO moderately enhance these properties at different
concentrations, GOFT1 at 0.1% wt. increases simultaneously all of them, 95% tensile
strength, 73% Young’s modulus and 82% tensile strain in respect to Nylon 6 nanofibers.
This is a significant result, not only because of the magnitude of the enhancement on the
mechanical properties, but also because the usual effect is that one of these properties
increases at the expense of another in polymeric systems,[47] and in graphene paper[48]. It
is interesting to note that the Nylon 6 nanofibers containing the lowest concentration of
GOFT1 (0.1 % wt) reached the most significant enhancement in mechanical properties.
Further addition of GOFT1 within the nanofibers was detrimental to the properties
investigated, and the possible causes for this effect will be reported elsewhere. The area of
influence of GOFT1 is indicated in Figure 13, where it is evident that the material presents
potential applications as an additive for polymer matrices.
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On the other hand, although GOFT1 and GOFT2 exhibited the same amount of nitroxide (CN ~ 9.1 – 9.5 %) by XPS and the same interplanar distance by XRD (d0001 = 1.12 nm), the
mechanical behavior is different at the same weight percent. As already discussed, it is
possible that the slightly more oxidized (0.8 %) GOFT2 re-agglomerates, producing a
different mechanical behavior, which is not ascribable to the TEMPO loading.

4. Summary
In summary, a facile strategy to obtain exfoliated and functionalized graphene oxide with
TEMPO groups from graphite oxide using oxoammonium salts (OS) in a one pot step has
been demonstrated for the first time. Also, highly oxidized graphite oxide (GO, 90.6 % of
oxidized carbon) was obtained, modifying the reaction time in the strategy proposed by
Marcano et al.[19] Two functionalized graphene layers were produced herein (GOFT1 and
GOFT2) and the mechanisms of functionalization/exfoliation were proposed, where the
oxidation of phenols to ketone groups, the rearrangement of epoxides and carboxylic acids,
and the formation of alkoxyamine species are suggested. Both functionalized materials
exhibited a shift and broadening of the Bragg peak up to 7.9° corresponding to an interlayer
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spacing of d0001 = 1.12 nm. A new C-N and peroxide O-O bonds were confirmed by C1s
XPS corresponding to the piperidine ring from TEMPO and the peroxide bonds. Using low
amounts of OS (GOFT1 strategy), it was possible to obtain functionalized graphene layers
with amorphous and crystalline zones at a 50:50 ratio, which was confirmed by HRTEM
obtaining their fingerprint by electron diffraction at several tilts. The potential use of these
materials within polymer matrices was confirmed, where the tensile stress, tensile strain and
Young’s modulus were simultaneously increased ~ 100 % in respect to pristine Nylon 6
when the functionalized/exfoliated GOFT1 (low concentration of nitroxide groups) was
used. ACKNOWLEDGMENT
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Figure 1.

General procedure of exfoliation and functionalization of GO using OS (Br-TEMPO).
Schematic representation.

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Carbon N Y. Author manuscript; available in PMC 2014 November 01.

Avila-Vega et al.

Page 15

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Figure 2.

Plausible reaction pathways and mechanisms during GO reaction with Br-TEMPO.
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Figure 3.

Addition of TEMPO to epoxides in GO.
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Figure 4.

Carboxylic acid reaction with TEMPO.
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Figure 5.

Digital pictures of GOFT1 and GOFT2 dispersed in deionized water and 9 organic solvents.
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Figure 6.

FTIR-ATR spectra of GO, GOFT1 and GOFT2
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Figure 7.

XRD of pristine graphite (GN), graphite oxide (GO) and graphene oxide functionalized/
exfoliated with TEMPO groups (GOFT).
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Figure 8.
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C1s XPS of: a) pristine graphite (GN), b) graphite oxide (GO), c) and d) graphene oxide
functionalized with TEMPO groups using 0.01 mol and 0.02 mol of Br-TEMPO salt,
respectively.
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Figure 9.

N1s-XPS spectra for GOFT1 and GOFT2. N-O bond at 406 eV
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Figure 10.

a) Low-magnification HRTEM image of GO exhibiting typical wrinkles in most of sheets;
b) High-magnification HRTEM image of GO showing amorphous and crystalline zones; c)
Low-magnification HRTEM image of GOFT1 showing a single layer of graphenefunctionalized; d) High-magnification HRTEM image of GOFT1 exhibiting amorphous and
crystalline zones; e) SAED from GOFT tilted 8° respect to the incident beam, showing a
hexagonal symmetry; and f) Spots intensities ratio at several tilts from GOFT1.

Carbon N Y. Author manuscript; available in PMC 2014 November 01.

Avila-Vega et al.

Page 24

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 11.

HRTEM of GOFT2
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Figure 12.

SEM of Nylon 6 nanofibers containing GOFT1 and GOFT2
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Figure 13.

Mechanical properties of Nylon 6 nanofibers and the corresponding composites containing
GN, GO, GOFT1 and GOFT2. Red dots represent projections of each experimental point
onto the XY plane.
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Mechanical properties of nanofibers based on Nylon 6, and Nylon 6 reinforced with GN, GO, GOFT1 and
GOFT2 at 0.1, 0.5 and 1 wt.%
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Tensile Stress (MPa)

Young’s Modulus (MPa)

Tensile Strain (mm/mm)

Nylon 6

9.7

46.2

0.61

GN_0.1%

8.4

28.7

0.77

GN_0.5%

7.4

30.2

0.73

GN_1%

8.2

43.2

0.78

GO_0.1%

17.9

82.0

0.90

GO_0.5%

14.8

71.5

0.67

GO_1%

9.8

45.2

0.65

GOFT1_0.1%

18.91

80.1

1.11

GOFT1_0.5%

16.26

77.1

1.05

GOFT1_1%

14.43

49.4

0.84

GOFT2_0.1%

14.67

60.1

0.99

GOFT2_0.5%

13.63

76.4

0.60

GOFT2_1%

11.38

49.5

0.52
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